In order to increase the storage capacity and the density of near-field optical disk drives, a flying pickup-head has to allow a slider to fly at a stable height above the disk surface with the use of near-field optics. Since both the precision of the track pitch and the flying height are of a nanometre scale, it is necessary to increase the motion accuracy of the pickup-head. In this study, a piezoelectric bender is used as an actuator of the pickup-head, and two quadrant photodetectors are used to sense the pickup-head displacement and the rotating disk deformation. Based on an optical lever method that magnifies a small displacement, the flying height variation of the pickup-head above the disk is measured. Further results show that using the proposed measurement method in the real-time control of flying height is feasible.
Introduction
An effective approach to the measurement of small displacements is with the use of optics. Anssi and Juha [1] presented a displacement sensing method using quadrant detectors. Zhang and Cai [2] proposed a focusing error detection technique based on an astigmatic method, consisting of a laser diode, an objective lens, a half mirror plate, and a quadrant detector. Chung et al [3] used an eight-segment photodiode to reduce the cross-talk in the wobble signal and the offset of the track error signal.
An optical lever magnifies a small displacement and thus makes an accurate measurement of the displacement possible. Kikukawa et al [4] employed an optical lever concept to detect displacement for a 10 µm long cantilever. An optical lever has also been used for measuring forces in atomic force microscopes [5, 6] . In addition, a near-field optical microscope was developed using the optical lever method [7] .
Due to the requirement for more storage capacity, high-density optical storage devices have already become a hot topic.
Near-field optical disk drives (NFODD) [8] can achieve higher density data than Blu-ray disks. Unlike CD-Roms, DVD-Roms and Blu-ray, in which electric motors actuate a lens in focusing motion, a slider in the pickup-heads of NFODD flies above a rotating disk in a similar manner to hard disk drives.
Accordingly, the measurement of the flying height of the pickup-heads becomes critical.
To sense the pickup-head flying height variation, this study develops a measurement system that contains two quadrant photodetectors for sensing, and two laser diodes for use as light sources. The photodetectors are used to sense the disk and pickup-head displacements. Servo control experiments are carried out based on an optical lever method that is developed to obtain the flying height variation. 
Measurement system
The measurement system includes photodetectors, two laser diodes, and an op-amp circuit. Figure 1 depicts the measurement principle. The red line represents the laser beam that is first reflected from the disk surface and which then strikes a photodetector. However, when the disk surface deforms during rotation, the laser beam is reflected along a different path. The disk surface vibration causes the position of the beam spot on the photodetector to vary. An addition and subtraction operation in the op-amp circuits is carried out to deal with the output signals from the photodetectors. This study develops an optical lever method to obtain the relationship between the disk vibratory deformation and the variation of the laser spot position on the photodetector.
Photodetectors
To introduce the function of a photodetector, consider the example shown in figure 2 , where a small, uniform, round spot of light strikes the detector. Symbols A, B, C and D denote the four quadrants of the photodetector. Each region denotes an individual photodiode. By comparing signals received from each of the four separate photodiodes, the spot position relative to the centre of the device can be determined. Specifically, X and Y displacements can be approximated as
Some constraints have to be taken into account when using photodetectors for sensing displacement. Firstly, the spot of incident light must be smaller than the detector's total active area, but larger than the gap between individual active areas. Secondly, the total positional detection range is confined by both the spot size and to the detector's active area.
Optical lever method
The optical lever method is developed in this study to amplify the laser spot displacement and hence improve the sensing resolution. The present optical lever aims to amplify the input displacement Z to become the output displacement Y , as depicted in figure 1. From figure 3(a), using trigonometry yields
where α, Z and R denote the tilt angle of the disk surface, the disk deformation and the distance between the disk centre and the spot of the incident beam on the disk, respectively. From figure 3(b), using trigonometry yields
and
where ε represents the length of a segment that is parallel to the disk surface before the disk deforms and is between the original incident and the reflected laser beam, δ is the distance from the intersection of the tilt disk and the incident laser to the original reflected light, θ is the incident angle and Z is the distance from the intersection of the tilt disk and the incident laser to the original disk position. From figure 3(c), using trigonometry yields
Substituting equations (3) and (4) into equation (5) yields
Similarly, figure 3(d) gives
where d represents the length of travel of the reflected beam to the photodetector before the disk deforms. Substituting equations (2), (3), (4) and (6) into equation (7) yields Figure 3 . Geometry of the optical lever method with disk tilt angle α and incident angle θ : Equation (8) can be rearranged to
Equation (9) relates the disk deformation Z to the beam spot displacement Y on the detectors. Since, in practice, R is much larger than Z, equation (9) can be reduced to Y = 2 dZ/R, which is a linear equation. Figure 4 depicts the linear relationship between Y and Z with a constant slope, i.e. the optical lever sensitivity is equal to 31.25. Based on this ratio, the disk deformation can be calculated from the photodetector signal. In a similar manner, the head displacement can be calculated. As a consequence, head flying height variation can be obtained by subtracting the disk deformation from the head displacement. 
Experiment
Piezoelectric (PZT) elements have been applied as actuators, and their performance is sufficient to generate fast and precise movement. Among the different PZT actuators [9] [10] [11] , PZT benders are popular in many structure applications, such as the blade control of rotorcraft, vibration dampening, and positional control. In the presence of disk surface vibration, this study attaches a flying head with a PZT bender to a suspension arm in order to maintain a stable flying height, as depicted in figure 5. 
Photodetector measurements
Before measuring disk surface deformation, it is necessary to determine the linear ranges of the photodetector signals. In this experiment, a laser beam strikes the photodetector directly. The linear range of the photodetector is measured by moving a laser source fixed to an X-Y stage. Measurement results are shown in figure 6 , where the horizontal axes are the X and Y displacements, and the vertical axes are the output voltages of the op-amp circuit. The linear range in both X and Y directions is about 650 µm.
Since the movement accuracy of the pickup-head is on a nanometre scale, the resolution of the measurements must also be on the same nanometre scale. The resolution of the photodetector is obtained by making the laser beam strike the detector directly, and then slowly moving the laser along the X direction of the detector. The manual movement step is 0.5 µm. As shown in figure 7 , the horizontal and vertical axes represent the displacement in the Y direction and the output voltage of the photodetector, respectively. It is found that the resultant input-output relationship is linear. However, when the movement step is 0.4 µm, the resultant relationship becomes nonlinear, unlike figure 7. As a consequence, the resolution of the photodetector is 0.5 µm. Since this is not satisfactory, the resolution can be improved by using an optical lever method. According to equation (9) , the ratio of Y (the beam varying spot displacement on the photodetector) to Z (the disk deformation) can be adjusted by modulating θ, R and d. However, the ratio is constrained to the measurable range of the photodetector and the disk surface deformation. It can be written as
where Y 1 = 0.5 µm, Y 2 = 650 µm, Z 1 , and Z 2 represent the resolution of the photodetector, the measurable range of the photodetector, the measurement resolution of the disk surface deformation, and the disk surface deformation respectively. A smaller Z 2 results in a finer Z 1 ; i.e. a smaller disk surface deformation generates a higher resolution in the disk deformation measurement. Since Y 1 = 0.5 µm and Y 2 = 650 µm, equation (10) leads to a linear relation between Z 2 and Z 1 , i.e.
This study then uses a laser Doppler interferometer (LDV) [12, 13] to detect the disk surface deformation at different tracks and different rotation speeds. Figure 8 depicts the disk deformation at different radial positions of 2, 2.9 and 4.8 cm and disk rotation speeds of 1200, 3600 and 5400 rpm. The horizontal axis represents the distance between the disk centre and the measurement spot. Disk deformation attenuates with slower disk speed and spots closer to the disk centre. The disk speed prescribed at 1200 rpm and a laser beam position at a radial distance of 2.9 cm in this experiment results in a small deformation of 17 µm. Let Z 2 equal 20 µm, which is larger than the disk deformation, then equation (11) gives Z 1 = 15.38 nm < 16 nm. As a consequence, the resolution of disk surface deformation measurements reaches 16 nm based on equations (10) and (11), and hence the ratio of Y 1 to Z 1 is 0.5/0.016 = 31.25. The specifications of the experimental setup are shown in table 1, which is based on equation (9) . Accordingly, each 16 nm deformation (Z in equation (9)) on the disk surface corresponds to 0.5 µm displacement (Y in equation (9)) on the photodetector. Based on the ratio of 31.25, the maximum vibration of a disk is approximately 20 µm, corresponding to a displacement of 625 µm on the photodetector. The signal remains in the linear range of figure  6 . The following sections do not consider the measurement resolution, but use LDV to measure the displacement signals and to compare differences between the two signals measured by LDV and the optical lever.
Measurement of rotating disk deformation and pickup-head displacement
An experimental setup is shown in figure 9 where two sets of lasers and photodetectors measure the pickup-head displacement and the disk deformation. Figure 10 compares sensor voltages that represent the disk deformation as measured by the LDV and the photodetector when the disk rotates at 90 Hz. There is little difference between both signals. In order to measure another laser beam striking the front end of a pickup-head, a 90 Hz sine wave voltage input is applied to a PZT bender. The LDV and optical lever are used to measure the displacement of the pickup-head at the same time, and the result is shown in figure 11 . Both results are consistent. Therefore, the measurement accuracy of the photodetector is validated. 
Flying height measurement
A PC-based experimental setup is constructed as depicted in figure 12 . The experimental setup consists of a disk, a variable speed motor, two photodetectors and two red-ray laser diodes, a dual-beam LDV, and a pickup-head based on the parameters given in table 1. Figure 13 depicts the flying height of the pickup-head measured by the LDV and the optical lever. The difference between the LDV and optical lever results are small, and are of a manner similar to figures 10 and 11. The disk does not rotate until a time of 0.346 s, and the pickup-head takes off from the disk surface at 0.451 s. Therefore, it takes 0.105 s to overcome the preload of the suspension before take-off. The pickup-head flies stably after 1 s. The flying height varies between 120 and 1080 nm and therefore has a variation of 960 nm.
Control experiment
This study carries out head flying height control so that the PZT actuator can track the disk surface deformation. System identification is carried out by applying a known control voltage that results in bender displacement. With the LDV as a sensor, the system identification procedure leads to a PZT bender transfer function that relates control voltage to bender displacement, i.e. Equation (12) is the continuous-time model of the PZT bender. Its Bode plot is shown in figure 14 , which presents a stable system. At sampling times of 0.1 ms, equation (12) can be written in a discrete form 
Equations (13) and (14) constitute a compensated system. Figure 15 depicts the Bode plot after compensation, when both resonances have been suppressed. As can be seen, the dynamics of the compensated system is better than that without compensation. This experiment deals with a flying pickup-head in NFODD that uses a PZT bender as an actuator, and whose design was shown in figure 5 . Since a large deformation of the disk surface during disk rotation may well degrade focusing performance in near-field disk drives, in the present pickup-head the PZT bender is attached to a suspension arm. The PZT bender enables the pickup-head to maintain a stable flying height. Two photodetectors and two red-ray laser diodes measure variations of the disk surface deformation and the pickup-head flying height.
The disk rotates at 90 Hz in this control experiment. Figure 16 depicts the disk surface deformation and pickuphead displacement, and tracking error. The disk deformation and tracking error are approximately 3700 and 360 nm respectively. The steady state error lies within 9.7%, and the convergence time is about 0.3 s.
Conclusions
Based on the optical lever method, this study measures the flying height of a PZT bender that serves as a fine actuator in the pickup-head for focusing motion. Moreover, a control experiment results in a tracking error that is within 9.7% of the experiments.
According to figure 6 , the useful measurement range of a photodetector is about 650 µm in both the X and Y displacements. By using photodetectors and the optical lever method, the sensing resolution of the disk surface deformation and the pickup-head flying height variation can reach 16 nm, while the disk surface deformation gains 20 µm. According to measurement results for a disk spinning at 20 Hz, a 1 V signal detected by the photodetector corresponds to a 8 µm displacement measured by the LDV.
The optical lever method, LDV and the gap capacitance method [14] all can be used to measure tiny displacements in motion. However, LDV is the most expensive in experimental measurement setups. Both the optical lever method and LDV can obtain nanometre precision, whereas the gap capacitance method only obtains sub-micrometre or micrometer precision.
Further, the gap capacitance method only applies to objects with a metal surface. Hence, the optical lever method is promising for the measurement of tiny displacements.
